The strong ground motion of 6 February 2018 M 6.2 Hualien Earthquake triggered a series of co-seismic geomagnetic fluctuations and seismo-traveling atmospheric disturbances (STADs) signatures in infrasonic waves and micro-pressures upon the seismic wave arrival. Networks of 9 QuakeFinder systems, 3 infrasound systems, 2 tiltmeters, 2 micro-barometers, and 11 co-located seismometers are used in this study. Each QuakeFinder system consists of a 3-axes induction magnetometer, an air conductivity sensor, a geophone, and temperature/relative humidity sensors. Co-seismic signatures clearly appear in the induction magnetometers, infrasound systems, and micro-barometers data. The magnetometers register both high-and lowfrequency pulsations. Geomagnetic fluctuations occur upon the seismic wave arrival but last a longer duration, while the STADs lag their co-located seismic waves by about 15 -45 s. The long-lasting fluctuations recorded by both induction and fluxgate magnetometers suggest that the ground/underground water motion play an important role, which is further conformed by low-frequency fluctuations in the tiltmeter data. In general, the amplitude of geomagnetic fluctuations decays as away from the epicenter. However, unusual large co-seismic geomagnetic fluctuations are detected over areas of the abnormal seismic intensity level and/or the magnetic underground structure with anomalously high susceptibilities.
INTRODUCTION
The large ground motion of earthquake could trigger acoustic and/or gravity waves, termed seismo-traveling atmospheric disturbances (STADs), in the neutral atmosphere near the Earth's surface. Seismometers (or geophones) recorded the seismic waves which monitoring the Earth's ground motion (Shearer 1999) , and infrasound (or microBarometers) systems measure atmospheric pressure changes induced by the Earth's surface motion and/or seismic waves, especially Rayleigh waves which transit in the near surface (Mutschlecner and Whitaker 2005; Liu et al. 2006 Liu et al. , 2010 Liu et al. , 2016a Liu et al. , 2017 . In some cases, STADs could further travel into the ionosphere and interact with the ionized gas resulting in seismo-traveling ionospheric disturbances (STIDs) [see papers listed in Davies (1990) ]. Meanwhile, scientists reported that co-seismic geomagnetic pulsations can result from instrument oscillations due to seismic waves (Li et al. 2018 ) and regional geomagnetic field fluctuations induced by STIDs (Iyemori et al. 1996 (Iyemori et al. , 2005 Honkura et al. 2002; Azeez et al. 2009; Widarto et al. 2009; Hao et al. 2013; Gao et al. 2014; Yen et al. 2015; Liu et al. 2016a ). Due to the low sampling rate, co-seismic fluctuations in the geomagnetic field were hard to distinguish from the effect of magnetometer sensor oscillation (Breiner 1964; Eleman 1965) , and therefore, high resolution (e.g., 1 Hz) observation are necessary for such researches (Iyemori et al. 1996) . Liu et al. (1993) shows that the amplitude of differential quantities (i.e., derivative quantities) is proportional to its oscillation angular frequency. Thus, an induction magnetometer recording derivative quantities of the time rate change of the magnetic field has a better performance than a total field or a fluxgate one (i.e., integral quantity) in detecting highfrequency/small pulsations. By contrast, a total field or a fluxgate magnetometer is suitable to observer long-period magnetic variations (such as diurnal variations, magnetic storms, sea effects, and manmade noises, etc.).
To enhance the iSTEP (integrated Search for Taiwan Earthquake Precursor) project established in 2003 for integrating study and test earthquake precursors (Liu et al. 2016b, c) , networks of 5 infrasound systems and 3 micro-barometers with a sampling rate of 1 Hz, 15 QuakeFinder systems with a sampling rate of 50 Hz, and 3 tiltmeter systems with a sampling rate of 1 Hz have been setup and operated in Taiwan. The infrasound and micro-barometer systems are used to record the atmospheric VLF (very low frequency, in the period range 0.5 -200 s) sounds. QuakeFinder system major consists of 8 sensors, an induction magnetometer with 3-component, positive/negative air conductivity sensors, a geophone, and 2 environmental sensors which measure the relative magnetic pulsations, positive/negative ion concentrations, the surface oscillation, and ambient temperature/ humidity, respectively. Note that the induction magnetometer in QuakeFinder with high resolution of 50 Hz is very sensitive and suitable for detecting co-seismic magnetic signatures (Liu et al. 2017) . On the other hand, 3 fluxgate magnetometers from Institute of Earth Science, Academia Sinica (IES) and 10 proton magnetometers from Central Weather Bureau (CWB) of Taiwan are also used to further cross compare with the QuakeFinder induction magnetometers. Moreover, the high sensitivity tiltmeters with resolution in microradian are employed to improve the detectability on the faint oscillation in Earth's surface.
An earthquake with a moment magnitude of 6.2 struck the Milun region, Hualien at 23:50 local time (15:50 UTC) on 6 February 2018. The epicenter is located at 24.10°N, 121.73°E and in a relatively shallow depth of around 6.3 km. The comparatively shallow depth caused a maximum seismic intensity of 7 in the Hualien city, and resulted in several buildings crashed, about 300 people injured and 17 deaths. The earthquake is one of the deadliest quakes in the recent two decades. In this paper, 14 seismometers with a sampling rate of 100 Hz of the short period observation network published CWB (http://gdms.cwb.gov.tw/index. php) and National Center for Research on Earthquake Engineering (NCREE) nearby the iSTEP stations are used as the reference of seismic waves. Concurrent/co-located measurements of the seismometer, QuakeFinder systems, infrasound systems (micro-barometers), and tiltmeters are employed to record seismic waves, geomagnetic field, induced disturbances in the neutral atmosphere near the Earth's surface, and surface oscillation, respectively during the M 6.2 Hualien Earthquake.
EXPERIMENT SETUP AND OBSERVATION
During the 2018 M 6.2 Hualien Milun Earthquake event, 9 QuakeFinder systems together with 3 infrasound systems, 2 tiltmeters, and 2 micro-barometers were in well operation. The sampling rate of the QuakeFinder system is 50 sps (sample per second, Hz). The 3-componenet induction magnetometer probes magnetic pulsation in nT s -1 with the sensitivity at 1 Hz: 0.1 V nT -1 , and the noise level: 0.1 pT per root Hz at 1 Hz and 0.02 pT per root Hz at 10 Hz. The geophone data with the natural frequency 4.5 ± 0.5 Hz (max tilt angle 25°) and the sensitivity of 27.0 V m -1 s -1 ± 10% which measuring the northward direction of the ground motion velocity in cm s -1 . The high sampling rate, high sensitivity, and low noise are suitable and useful to detect related co-seismic signatures. For observing long-period co-seismic signatures, 3 infrasound systems with 1 Hz sampling rate and a sensitivity of 0.01 Pa in the frequency range 0.5 -200 s and a dynamic range of 80 dB (Xia et al. 2011) ; 2 tiltmeters having X-and Y-component with 1 Hz sampling rate and response in ±300 microradians (5.7 × 10 -5 degrees); and 2 micro-barometers with 1 Hz sampling rate and sensitivity in 0.01 Pa are employed. Meanwhile, 10 seismometers from CWB and 4 seismometers from NCREE with the sampling rate of 100 Hz were chosen as the reference for cross comparing with observations of co-located and/or nearby the iSTEP instruments. For further understanding on co-seismic signatures, 3 fluxgate magnetometers with the sampling rate of 10 Hz and the sensitivity of 0.01 nT from IES recording magnetic strength and 10 proton magnetometers with the sampling rate of 1 Hz and the sensitivity of 0.01 nT from CWB measuring the absolute total field are also used. Figure 1 displays locations of the Hualien Earthquake; 9 co-located QF (QuakeFinder) sites consisting of the 9 QuakeFinder system, 9 seismometers, and 3 infrasounds (denoted by black dashed circles); 2 co-located TB (tiltmeters/ micro-barometers) sites consisting of the 2 tiltmeters/microbarometers and 2 seismometers (denoted by green dashed circles); as well as the 3 fluxgate magnetometers, and 10 proton total magnetometers. The dashed circle with a 20-km radius denotes co-located sensors/instruments in the region, where seismic waves yield a limited time lag of about 15 s (Kuo- Huang et al. 2014) . The background map of the geomagnetic anomaly in Fig. 1 is adapted from Yen et al. (2009) , which provides the information about underground magnetic structures. After the earthquake occurs, the seismic waves propagate through whole island-wide and triggered co-seismic fluctuations have been recorded by the sensors/instruments. Table 1 lists the station name, instrument type, location, and distance to the epicenter. Figure 2 depicts the magnetic induction in northward
, and upward (V Z ), and infrasonic wave (P) (in the bottom of Panels A, D, and G) at the 9 QF sites. Similar to Liu et al. (2017) , no obvious co-seismic signatures in the air conductivity, temperature, and relative humidity were detected. The colocated QuakeFinder systems and seismometers show that co-seismic geomagnetic pulsations superposed up some long-period variations at the 9 QF sites, except the farthest 2 sites of SW and KD. Packet fluctuations in the geophone are similar to those in the co-site seismometer, especially in the V N and V E component. The geophone is horizontally placed in the northward direction and therefore, is more sensitive to the S-wave. Small signal/noise ratios in B N o , B E o , and B Z o at WT as well as in B Z o at SW and KD might result from no obvious co-seismic geomagnetic signatures at the farthest 2 sites. On the hand, co-seismic signatures in the geophones are generally similar to the co-located seismic waves, except a sinusoidal trend superposing with seismic waves at CC. Panels A, D, and G display that co-seismic fluctuations recorded by the 3 infrasound systems. Due to very close to the epicenter, there is almost no time lag between co-seismic infrasonic waves and seismic waves at DHU, while the time lags become greater for the other two infrasounds away from the epicenter. Nevertheless, in comparing the seismic waves, the infrasonic waves generally are more fluctuated. Figure 3 illustrates co-seismic tiltings in the tiltmeters, pressure changes in the micro-barometers, and the associate seismic waves at the 2 TB sites. Due to data gaps of the seismometer at LUG, a nearby seismometer at WSL is used. Co-seismic tiltings yield a much longer duration than the co-located seismic waves. At NAH, due to the tiltmeter being crept, the co-seismic tilting yields some overstepping. While the micro-barometer data at LUG are too noisy to observe any co-seismic signature, those at NAH show a short prominent package of co-seismic fluctuations soon after the seismic wave arrival.
Scientists (Yeh et al. 1981; Chen et al. 2011 Chen et al. , 2013 Chen et al. , 2014 Han et al. 2014; Liu et al. 2017) show that spectrum analyses provide a better understanding on studied signals. Figure 4 illustrates power spectra of the high sampling data of QuakeFinder systems and seismometers, where we can see that the magnetic pulsations are monotonically inversely proportional to the frequency, and those of co-seismic geophone fluctuations and the seismic waves yield peaks around 1.0 Hz. Likewise, Fig. 5 displays the power spectra of the low sampling data in the infrasound systems, micro-barometers, tiltmeters, and fluxgate magnetometers are generally inversely proportional to the frequency. The infrasound spectrum at CCU yields a prominent peak at 0.02 Hz and at DHU yields multiply peaks at the higher frequencies. To concern the overstepping data, spectra analyses of the tiltmeter data after 150 s was tested and results that no prominent different to those used whole time span. The tiltmeters spectrum have no significant peak expect for a peak range from 0.05 -0.07 Hz at Y-component of NAH. Two filters are implemented to individual data set for further extract the fluctuations packet from noises, 0.5 -2.5 Hz band-pass filter for QuakeFinder systems, seismometers, and fluxgate magnetometers, besides 0.25 Hz high-pass filter for infrasound systems, micro-barometers, and tiltmeters. Figure 6 depicts filtered results at the QF sites shown in Fig. 2 . At the nearest sites A and B, relatively short durations of about 30 s in the seismic waves recorded by the seismometers and geophones, while the durations of the associated co-seismic geomagnetic fluctuations are approximate 50 s. Similarly, at the sites C, D, E, and G, the durations of geomagnetic fluctuations are longer than those of seismic waves. The filtering process results in that the co-seismic geomagnetic fluctuations can be observed at WT (site F), but not at SW (site H) and KD (site I). The 3 infrasound systems show vary different delay times that the infrasound fluctuations are nearly coincident with the P-wave at DHU (site A), overlap with the S-wave at CCU (site D), and lag the S-wave by about 10 -15 s at TTU (site G). Figure 7 illustrates the filtered data of the tiltmeters, micro-barometers, and the associated seismometers at LUG and NAH. The micro-barometer data are too noisy to be examined at LUG. The micro-barometer fluctuations lag the co-located S-wave by about 10 -15 s at NAH. Similarly, the infrasound fluctuations also lag the co-located S-wave by about 10 -15 s at TTU. The similarity suggests that the infrasound and the micro-barometer can sensitively record the atmospheric disturbances induced by S-waves. Although both seismometers and tiltmeters record the Earth's surface oscillations, the duration of tiltmeter oscillations is two times longer than that of the associated seismic waves.
DISCUSSION
Seismic waves attenuate during the propagation process (Chen 1998; Drouet et al. 2005) , and co-seismic geomagnetic fluctuations also become weakened, when seismic waves Fig. 4 . Normalized power spectrum of the high sampling rate raw data of the magnetometers, the geophones, and seismometers. The spectrum has been normalized to the maximum amplitude. The gray curves are the individual spectra, while the heavy black curves are their associated median ones.
traveling away from the epicenter (Liu et al. 2017) . Liu et al. (2017) calculate the packet energy by summing up the square of wave amplitudes over the packet, and find that the energy of seismometers and geophones in exponentially decay to the distance away from the epicenter. To study seismic waves and their induced co-seismic geomagnetic fluctuations in detail, Fig. 8 displays B E o , B Z o , V E , and V Z at QF sites versus corresponding distances away from the epicenter. The horizontal and vertical components of the co-seismic geomagnetic fluctuations quickly reduce as away from the epicenter, expect for the horizontal component at CC and the vertical component at SL, CC, and TY. Liu et al. (2017) study co-seismic geomagnetic fluctuations and suggest the underground structure at CC being rather complex. Figure 1 reveals that a huge positive anomaly appears around CC, while the susceptibility model by Chen (2018) indicates that the underground structure at CC is mainly composed by high susceptibility rocks. Thus, the high susceptibility rocks might be responsible for the abnormal large geomagnetic fluctuations at CC. Although the vertical components being abnormal, the susceptibility at SL and TY are relatively low, which suggests that the abnormal large geomagnetic fluctuations might not be related to rock properties. On the other hand, it has been known the seismic intensity stands for the strong ground motion of peak ground acceleration (PGA) (Shearer 1999; Wu et al. 2003; Irwansyah et al. 2013) . Figure 9 illustrates a PGA map produced by records of acceleration-type seismometers that the seismic intensity level decreases with the pattern of a concentric ring away from the epicenter, except two highlevel areas in central and western Taiwan, where SL and CC are located, respectively. It can be seen that with similar distances to the epicenter, the geomagnetic fluctuations at SL is of about 4 times larger than that at HS, while PGA 35 gal at SL and 8 gal at HS (Fig. 9) , which is also approximately 4 times larger. Thus, the abnormal large geomagnetic fluctuations at SL shown in Fig. 8 result from a large level of the seismic intensity. Figures 1 and 9 further show that the most prominent anomaly of the co-seismic geomagnetic fluctuations appearing at CC is due to both high seismic intensity level and high susceptibility. Note that TY locates at neither high seismic intensity level nor high susceptibility but yields the large abnormal co-seismic geomagnetic fluctuations. To find possible explanation, we further examine hot springs island wide. It can be seen that TY locates at a dense area of 14 hot springs along the valley of the Laolung River, where is termed Paolai geothermal area (Chang and Lee 2001; Chang 2010 ; https://www.moeacgs.gov.tw). Therefore, motions of a large groundwater reservoir triggered by seismic waves are the responsible for the abnormal co-seismic geomagnetic fluctuations at TY. Fig. 5 . Normalized power spectrum of the low sampling rate raw data of the infrasound systems, the tiltmeters, the micro-barometers, and the fluxgate magnetometers. The color curves are the individual spectra. Gershenzon et al. (1993) found the earthquake magnitude dependence of co-seismic geomagnetic variations for piezomagnetic, electro-kinetic, and induction (dynamo) effects. Scientists study co-seismic magnetic pulsations and suggest that the low-frequency pulsations most likely result from motion of groundwater due to seismic waves (i.e., electro-kinetic effect) (Azeez et al. 2009; Ren et al. 2012 Ren et al. , 2015 Ren et al. , 2016 Gao and Hu 2010; Hu and Gao 2011; Gao et al. 2013a Gao et al. , b, 2016 Liu et al. 2017) , while the high-frequency ones are due to shaking/tilting effects (i.e., magnetometer coil motion) (Widarto et al. 2009; Gao et al. 2014; Li et al. 2018) . Liu et al. (2017) use seismometers and geophones as high-frequency detectors for studying seismic waves, while in this study, we examine the seismic waves in both high-and low-frequency by seismometers, geophones, and tiltmeters. Tiltmeters can sensitively record the small shaking/tilting of Earth's oscillations, which generally is difficult to be detected by seismometers and geophones. At LUG and NAH, the durations of co-seismic tilting are two times longer than those of co-located seismometers, which shows that the Earth's surface has been still shaking and/or tilting after the seismic waves passing. Hence, the groundwater continues vibrating and in turn shaking the Earth's surface, which is further detected by the magnetometers but not the seismometers. Note at sites A, B, C, D, E, and G that the durations of co-seismic geomagnetic fluctuations are longer than those of seismic waves recorded by the geophones. This suggests that the coseismic geomagnetic fluctuations could be contributed by both the Earth's surface motion on the magnetometers and the induction by the groundwater motion. Figure 10 reveals the 3-components fluxgate magnetometer data after a 0.5 -2.5 Hz band-pass filter being applied. At YMM and TCD, due to similar epicentral distances, co-seismic geomagnetic fluctuations in the B x and B y components of the 2 stations are rather similar. The durations of the co-seismic geomagnetic fluctuations are about 50 s, while those of the associated colocated seismic waves are less than 30 s. Once again, this indicates that both surface motion and groundwater motion contribute the co-seismic geomagnetic fluctuations.
Scientists report that seismic waves can perturb the near Earth's atmosphere, activate disturbances within, which further propagate upward into the ionosphere, modulate the E-region conductivity, and in turn induce seismo-magnetic pulsations. Due to the propagation of the atmospheric disturbances, seismic waves tend to lead their co-located coseismic geomagnetic pulsations by about 200 s (Iyemori et al. 2005; Hao et al. 2013; Yen et al. 2015; Liu et al. 2016a) . By contrast, Fig. 6 shows there is almost no time lag between geomagnetic fluctuations and seismic waves. Therefore, the co-seismic geomagnetic fluctuations in this study are unlikely related to the ionospheric conductivity but directly produced by both surface motion and groundwater motion. Figures 6 and 7 display the time lags of the co-seismic infrasound fluctuations and micro-barometer fluctuations to the co-located seismic waves, respectively. Due to nearby the epicenter (the distance of 29.66 km), at DHU the time lag between the infrasound fluctuation and simultaneous Pwave/S-wave is a very small value (i.e., their starting times are nearly identical). At CCU, where is about 141.52 km away from the epicenter, the P-wave arrives first and is followed by the S-wave, and then the Rayleigh wave. The infrasound fluctuations and the S-wave almost simultaneously appear, since the seismogram shows that the S-wave amplitude is the largest among the 3 waves. At TTU (the epicentral distance of 166.97 km), the P-wave and S-wave are significantly damped, and therefore, fluctuations in the infrasonic wave and the Rayleigh wave concurrently appear. Similarly, at NAH (the epicentral distance of 171.67 km), the micro-barometer wave and the Rayleigh wave simultaneously fluctuate. The above results show that at a location far away from the epicenter, the amplitude of surface waves is greater than that of bodies waves, which agrees with pervious observations (Artru et al. 2004; Guglielmi et al. 2004; Honkura et al. 2004; Yamazaki 2012) . Iyemori et al. (1996) suggests that high resolution observations are necessary for co-seismic geomagnetic studies. Although the proton total magnetometer with the 1-Hz sampling rate is not very suitable to detect co-seismic geomagnetic fluctuations, Fig. 11 reveals some interesting features that the geomagnetic total field highly and constantly fluctuate at HL, while 3 pulse-like decreases appear at NC and YH 20 -60 s after the earthquake. The highly fluctuations in the geomagnetic total field often appear at HL, where is nearby the railroad, which result in the co-seismic feature being difficult studied. The magnified plot of Fig. 11b shows that the 3 pulse-like decreases of about 10 nT at NC and 4 nT at YH in comparing the associated background variations during 0 -120 s after the earthquake (the diurnal variation) of 4 nT (25 nT) and 5 nT (33 nT), respectively. These suggest that the pulse-like decreases are related to the earthquake. NC and YH roughly have similar distances to the epicenter, and however the co-seismic fluctuations at NC are about three times larger than those at YH. Figure 1 shows that geomagnetic anomaly at NC are greater than that at YH, which suggest that the high susceptibility results in the strong coseismic induction geomagnetic field (Chen 2018 ).
SUMMARY AND CONCLUSION
In this study, we report the co-seismic signatures in various instruments of the induction magnetometers, geophones, infrasound systems, tiltmeters, micro-barometers, (a) (b) Fig. 11 . The proton total magnetometer data after the earthquake. (a) Raw data in the proton total magnetometer network within the earthquake event. There have 10 stations were well operating but HL station had some strong influences. (b) The magnified plot of dash square in (a). There are 3 pulse-like decreases of about 10 nT at NC and 4 nT at YH. and fluxgate magnetometers. This is for the first time that micro-barometers and tiltmeters are employed to detect coseismic fluctuations. The results show that the co-seismic geomagnetic fluctuations are functions of the susceptibility and/or PGA. Due to the greatest susceptibility in Taiwan and a relatively large PGA, CC yields the 2 nd most prominent co-seismic geomagnetic fluctuations. The long lasting tilting/shaking recorded by the tiltmeters indicates that both the groundwater motion and its vibrated Earth's surface motion in the low-frequency band induce the co-seismic fluctuations via the electro-kinetic effect. The study of the co-seismic infrasound and micro-barometer fluctuations response to the P-wave, S-wave and Rayleigh wave at various distances confirm that the Rayleigh wave can efficiently activate prominent co-seismic signatures even at far away from the epicenter.
